ABSTRACT: This paper presents significant experimental data for hydrophilic characterization of automotive brake fluids. A novel technique is developed for these measurements. Because brake fluid is well known as a hygroscopic fluid, its molecular O-H structure easily allows hydrogen bonding with hydromolecules, e.g., H 2 O. The moist brake fluid reduces the boiling point and moreover causes the deterioration of the functionality of the brake system. A proximal linear relationship between moisture content and its corresponding resistance for DOT3 brake fluid is found in this study, which uses the signal input of the electronic control unit ͑ECU͒ of the brake system. The applied technology of measurement is especially developed in the laboratory, which consists of two functions; the moisture meter and the automatic prewarning system. This instrument changes the controlling conception of a brake system from a passive regular check of brake fluid to an active prewarning for the drivers.
Introduction
Quick and safe transportation is the major purpose for developing the automobile as well as other transportation systems. For these two purposes, the modern high technology engine and the new body using modern materials as well as the development of the absolute safe brake system are often considered and applied today ͓1-3͔. The absolute safe brake system can be said to be the key of safe transportation. Safe driving is based mainly on an active and effective brake system ͓4-6͔.
The 20th century was the most important period for the development of the automobile. In this time the automobile industry grew quickly and many famous automobile companies appeared in the world. For example, the German Benz, BMW, Audi, the English Jaguar, the Swedish Volvo, the Japanese Toyota, the American Ford and Cadillac, and so on were all developed in this period. These companies aimed commonly to develop faster and safer automobiles. The scientific research on the speed yielded also many new ideas. For example, to reduce the car's weight by using special light materials. On safety, the development of the brake system itself and its special brake fluids as well as the safe air bags in the car for rescue at an accident are done. Until now the major development of the brake system focused only on the function of the brake system and the materials of brake fluid but without an effective controlling system for the destructive brake fluids. The brake fluid is normally passive by being checked periodically without an active prewarning. Passive checking permits an irregular alteration and often allows a dangerous situation to develop.
Today, the major applied brake fluids consist of the following constituents: ethylene glycol, polyglycols, silicone fluids, and isobutyl alcohol ͓7,8͔. The constituents have the same hydrophilic characteristics due to their molecular O-H structure, which easily allows hydrogen bonding with other hydromolecules. The hydrogen bonding is based on the O-H bond in the molecular structure, which permits dipole attraction of the other hydromolecules. Figure  1 exhibits the molecular structure of ethylene glycol, which is the main element of brake fluid. The boxes with dashed lines in Fig. 1 show the O-H bonds.
The dipole-dipole forces among the O-H bonds between brake fluid and water bring them together easily ͓9͔. This means that brake fluid is easily made wet by contacting moist air during driving. The moisture lowers the boiling point of the brake fluid and causes potentially an "airlock" as well as brake malfunction. The boiling point of an effective brake fluid must be greater than 120°C ͓10͔.
Brake systems developed up to now work with a passive regular check for controlling the quality of brake fluids. This is not absolutely safe for the driver when an irregular situation occurs. Truly safe driving would have a prewarning technique. That means, the technique receives feedback information from the automobile continuously and warns the driver before an emergency occurs. This paper does not only present significant data, but also shows a novel technique developed to measure the moisture content of brake fluid at all times, which functions as a prewarning to alert the driver. The experiments and applied technology are detailed in the next section.
Experimental Details
The extensively used brake fluids today are the SAE ͑Society of Automotive Engineers͒ standards, the DOT ͑Department of Transportation͒ U.S standards, and the FMVSS ͑Federal Motor Vehicle Safety Standards͒. The earlier brake fluids had similar O-H structures within the molecules. The brake fluids have hydrophilic characteristics which cause an easy combination with water during driving. Figure 2 illustrates the hydrophilic characteristics of brake fluids. The O-H structures between ethylene glycol and water form easily through hydrogen bonding and cause the moistened ethylene glycol, which changes the characteristics of the material. The dashed lines in Fig. 2 show the hydrogen bonds. The moistened brake fluid changes its physical and chemical characteristics, especially the boiling point.
A "wet" brake fluid has a boiling point lower than pure brake fluids. Table 1 shows the specification of brake fluids for the DOT series, comparing dry and alternate wet brake fluids. Table 1 shows the properties of DOT brake fluid where the boiling point of wet DOT brake fluid is clearly less than dry fluid. The boiling point is a most important parameter in determining the quality of brake fluid. This paper aims to analyze the relationship between moisture content and boiling point. For this purpose, a novel technique to measure the values of electrical resistance corresponding to moisture content was developed in the laboratory. The experimental setup and the developed technique will be detailed next.
Setup
The experiments are carried out by the measurement of resistance and boiling point as well as moisture content. The experimental setup for resistance measurements consists of an AC power supply with 1 kHz sine function, the brake fluid, and the voltage measurement system. Figure 3 shows the components of the setup as a photo. The AC power supply provides the input voltage, which is altered by going through the brake fluid and yields the output voltage. This determines the resistance of the brake fluid with help of Ohm's law ͑V out = I in · R͒. The measurement instrument is a new development for our laboratory. The technology of measurement will be detailed next.
Technique of Measurements
A prewarning brake system with moisture meter is new, developed in our laboratory for this work. Figure 3 shows the circuit schematic 
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illustration. The system consists of six main parts, the AC power supply with 1 kHz sine function, the bridge for linear relationship grabbing, the amplifier for signal gain, the detector for output voltage capture, the ECU system of the automobile for prewarning, and the brake fluid. In the test, the sine wave is supplied to the brake fluid. The output voltage is given by the bridge with the help of Ohm's law ͑V out = I in · R͒, where I in is the current from the sine wave generator, R is the resistance of the brake fluid, and V out is the output voltage. The output voltage is amplified by the amplifier and filtered by the filter. The signal is detected by the detector and sent to the ECU system for prewarning. The small schema in the lower left position of Fig. 4 shows the working process.
Results and Discussions
The results focus on analysis of the popularly used DOT3 brake fluids and try to find the relationship between the moisture content and its corresponding resistance. Due to the fact that the boiling point of brake fluids is strongly influenced by the contained moisture with the results that the larger the moisture contents the lower the boiling point is. Pure brake fluids have greater boiling points than those containing water. The process of hydromolecules dissolving into brake fluids changes the characteristics of brake fluids and reduces the boiling point. The boiling point is an important parameter to show the efficiency of brake fluids. The experiments are carried out by measuring the resistance of brake fluid and its corresponding moisture content as well as its boiling point. The calibration curve for the prewarning system is the relationship between resistance and moisture content as well as boiling point. Figure 5 exhibits the relationship that the resistance is lowered during increasing moisture content. The result shows the increasing conductivity of brake fluid during the absorption of water. The water is a conductive material, which increases the conductivity in the moist brake fluid and reduces their resistance. This result agrees with the experimental results. Figure 6 shows the relationship between boiling point and moisture content. The boiling point is lowered with increasing moisture content. The reason is that the molecular bonding among the brake fluid molecules becomes weaker because of the combined water. This hydrogen bonding is much weaker than the valent bonding and causes the lower boiling point. An extreme reduction in Fig. 6 from the first point to the second point comes from the irregularity of the mixture. This means that the mixture has a different characteristic than does pure brake fluid. The hydromolecules react strongly to change the characteristics of the mixed brake fluid. The new material of mixed brake fluid has a new boiling point. The boiling point of the new mixed brake fluid depends on the contained moisture with the relationship, which is shown in Fig. 6 .
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A practical application is shown in Fig. 7 , with the relationship between boiling point and the duration of use. The result shows an extreme large reduction of boiling point in the first year, which agrees with the result in Fig. 6 . The first year has the largest reduction because of the change of the material from pure brake fluid to mixed brake fluid.
A prewarning system also has been developed during this work. The system has been sketched in Fig. 4 . The system is set up to determine the resistance to voltage during measurements and to plot the new curve again with the contained moisture. 
Conclusions
Measurements and analysis of the relationship between contained moisture and its corresponding boiling point as well as contained moisture and resistance for DOT3 brake fluid have been carried out in this work, in which a proximal linear relationship has been found. The applied technique is newly developed in the laboratory; it consists of two functions, a moisture meter and an automatic prewarning system. This instrument changes the passive regular check for brake fluid to an active prewarning for drivers. 
FIG. 8-͑Color online͒ Experimental data of input ECU voltage and DOT3 moisture content with a fitting curve

